We examined the effects of simulated dioptric blur on the degradation of visual acuity using digitally filtered letters. Four types of digital filters were applied to 5 letters (C, D, E, O, and S), constructed to the specifications of Sloan optotypes. These filters were: (1) "normal," designed to simulate the positive and negative lobes of the modulation transfer function (MTF) produced by dioptric blur; (2) "truncated," which passed only those spatial frequencies up to the first zero of the MTF; (3) "phase-rectified," which inverted all of the negative lobes of the MTF to positive; and (4) "truncated-plus-negative," which eliminated all positive lobes above the first zero of the MTF. The letter size required to achieve 60%-correct identification was determined for letters that were filtered to simulate ؉1, ؉2, and ؉4 D of blur. Letters subjected to normal, truncated, and truncated-plus-negative filtering had approximately the same acuity threshold, whereas the threshold size for phase-rectified letters was significantly better. Our interpretation of these results is that dioptric blur hinders letter recognition because useful spatial frequency information is limited to that below the first zero of the MTF, and not because of interference from the phase-reversed spatial frequency information above the first zero. Our letter identification thresholds are consistent with recent evidence that the critical information for letter acuity corresponds to approximately 1.5 cycles/letter. (Optom Vis Sci 2000;77:524-530)
D
ioptric blur that results from improper lens correction or inaccurate accommodation, particularly in older adults, is a common cause of poor spatial vision. The optical modulation transfer function (MTF) for dioptrically blurred targets is characterized by a series of negative and positive lobes above the first zero crossing, [1] [2] [3] [4] the spatial frequency at which the MTF first crosses the spatial frequency axis (first zero; see Fig. 1A ). The negative and positive lobes of the MTF above the first zero crossing comprise the region of spurious resolution, the range of which depends on the amount of dioptric blur, the pupil size, the wavelength composition of the stimulus, and the type and extent of coexisting ocular aberrations. 1, 4 -6 Because the spatial frequencies contained in the negative lobes of the MTF undergo a phase reversal, dioptric blur could distort the shape of letter targets and render them unreadable (cf., Thorn & Schwartz 7 ) . Alternately, letter acuity may worsen with increasing amounts of dioptric blur simply because of the resulting shift of the resolution limit to lower spatial frequencies.
Dioptric blur has been shown to degrade visual acuity for letter targets substantially more than for sinusoidal gratings. [7] [8] [9] For example, Thorn and Schwartz 7 reported letter acuities of approximately 20/50, 20/130, and 20/300 with ϩ1, ϩ2, and ϩ4 D of lens-induced blur. In comparison, grating acuities were approximately 20/30, 20/40, and 20/50 for the same amounts of lens blur. These substantial differences in acuity for letter vs. grating targets have been accounted for by stipulating that the identification of blurred letters is limited by the spatial frequency components below the first zero of the MTF, whereas the detection of blurred gratings can be achieved using any suprathreshold component of the MTF (e.g., refs. 5, 7, 8, 10 ). However, it remains unclear whether the reversal of spatial phase information for frequencies above the first zero crossing of the MTF contributes directly to the degradation of visual acuity for blurred letters.
Because the MTF is a linear filter that is applied before the formation of the retinal image, manipulations of the spatial frequency spectrum of the visual target can mimic any arbitrary MTF. 11, 12 By comparing size thresholds for letter recognition using different types of digitally filtered letters, we attempted to evaluate the influence of spurious resolution on letter recognition. Four types of digital filters were applied: (1) a "normal" filter, which simulated the positive and negative lobes of the MTF in the presence of dioptric blur; (2) a "truncated" filter, which passed only spatial frequencies up to the first zero crossing of the MTF; (3) a "phase-rectified" filter, which inverted all negative lobes of the MTF to positive; and (4) a "truncated-plus-negative" filter, which eliminated all positive lobes above the first zero crossing of the MTF. The MTFs for these four filters are shown for ϩ2 D of simulated dioptric blur and a 3-mm pupil in Fig. 1 .
The rationale of our experiments is the following: if spurious resolution impairs letter recognition, then letter acuity should improve when spatial frequencies above the first zero crossing are removed from the MTF with the truncated filter. On the other hand, if the recognition of blurred letters depends only on the spatial frequency of the first zero crossing, then application of the truncated filter should yield the same threshold letter size as with the normal filter. When the phase-rectified filter is used, letter acuity may improve because (1) inversion of the negative lobes of the MTF in the region of spurious resolution effectively increases the resolution limit and/or (2) the negative lobes of the normal MTF are eliminated. Finally, the degradation of letter recognition by the negative lobes of the normal MTF could be ameliorated by the nonphase-reversed spatial frequency information in the positive lobes above the first zero crossing of the MTF. If so, then application of the truncatedplus-negative filter, which eliminates all positive lobes above the first zero crossing, should yield poorer letter acuity than either the normal or truncated filters.
METHODS

Stimuli
Five letters (C, D, E, O, and S) were constructed in a 5 ϫ 5 matrix according to Sloan's 13 specifications with letter strokes one unit in width. Dark letters were presented on a bright background (35 cd/m 2 ) with a color computer monitor (Apple Multiscan, 15 inches) at a frame rate of 75 Hz. The wavelength composition of the screen was restricted by using only the green gun of the color monitor. Ten sizes of each letter were prepared.
Observers were tested with unfiltered letters presented with 0, ϩ1, ϩ2, and ϩ4 D spectacle lens blur and with four types of digitally filtered letter stimuli. First, MTFs for an aberration-free human eye with ϩ1, ϩ2, and ϩ4 D of dioptric blur were implemented digitally in MATLAB software (The MathWorks, Natick, MA), assuming a 3.0 mm pupil and midspectral light (see Appendix 1). Three permutations of these MTFs were then produced by: (1) setting all values above the first zero crossing to zero (truncated MTF); (2) setting the sign of all MTF values above the first zero crossing to positive (phase-rectified MTF); or (3) setting all positive values above the first zero crossing to zero (truncated-plusnegative MTF). Normal, truncated, phase-rectified, and truncatedplus-negative letters with ϩ1, ϩ2, and ϩ4 D of simulated blur were constructed by multiplying the appropriate MTF by the Fourier transform of each unfiltered Sloan letter, followed by an inverse Fourier operation. Filtered versions of the 10 different letter sizes were constructed by taking into account the viewing distance for each level of simulated blur (see Table 1 ). The digital MTFs had a resolution along the horizontal and vertical spatial frequency axes of 1 (ϩ1 D blur) or 0.5 (ϩ2 and ϩ4 D blur) cpd. Based on the viewing distance and pixel size (0.03 cm), the maximum spatial frequency represented in each filtered letter corresponded to 247 (ϩ1 D) or 123 (ϩ2 and ϩ4 D) cpd. Digital images had a contrast resolution of 8 bits, and the screen was carefully gamma-corrected using a technique described by Pelli and Zhang.
14 Luminances were measured using a Minolta LS 110 luminance meter and stimulus contrast is specified in terms of the Weber definition (⌬L/ L background ).
Procedures
Each observer viewed the letter stimuli monocularly through a 3.0-mm artificial pupil, placed in a trial frame, using the preferred eye. For experiments with lens-defocused letters, blur was produced by having the observer view the computer monitor through the artificial pupil and an appropriate trial lens. Refractive correction was also implemented by adding appro- priate trial lenses, if necessary. The viewing distance varied between 4.25 and 8.5 m to achieve an appropriate range of letter sizes for each level of letter defocus. For experiments with filtered letters, the observer viewed the screen through the same 3.0-mm artificial pupil with no trial lenses, except those required to correct refractive error. Letters of five different sizes were presented in random order using the method of constant stimuli. The unfiltered letters had a contrast of 75%. Peak contrast of the filtered letters was lower because of the contrast reduction that accompanied filtering. Within each block of trials, letter size was changed from trial to trial while the viewing distance remained fixed. Letters were presented for 500 ms, with abrupt onset and offset. After each presentation, the observer made a forced choice response using one of five adjacent keys on the computer keyboard, each labeled clearly with one of the tested letters. A psychometric function was constructed from each block of 100 trials (5 letters ϫ 5 sizes ϫ 4 presentations/ letter) and subsequently fit by probit analysis. 15 The letter size corresponding to the recognition threshold was the 60% point of the psychometric function, halfway between chance (20%) and perfect (100%) performance.
A preliminary experiment, to compare the contrast thresholds for detecting blurred and normal filtered letters, was conducted using two observers (KL and YS). Contrast detection thresholds were measured for the letters "O" and "E," with sizes equal to 15.5 min arc for ϩ1 D, 24.3 min arc for ϩ2 D, and 48.5 min arc for 4 D of lens-induced or simulated blur. These letter sizes corresponded to the acuity limit for each level of defocus in a pilot experiment. A temporal 2AFC method in conjunction with the QUEST algorithm 16 estimated the level of contrast that yielded 82% correct responses. Thresholds for ϩ1, ϩ2, and ϩ4 D of optical and simulated blur were determined for each observer in random order.
Letter-size thresholds for unfiltered letters viewed with various amounts of lens-induced blur were measured first in each observer. The order of the first three filtered-letter (normal, truncated, and phase-rectified) conditions was randomized among observers, and approximately counterbalanced within each observer. Thresholds for truncated-plus-negative filtered letters were determined for two observers (KL and TN) after all of the other acuity conditions were completed. Between two and four measures of threshold were taken in separate sessions for each test condition and the averaged measures are reported. Representative psychometric functions for observer TN are shown for each of the ϩ2 D filter conditions in the insets to Figs. 3 and 4.
Observers
The five observers (EK, KL, QP, TN, and YS) were experienced in visual psychophysical experiments, but naive as to the purpose of this study. The ages of the observers ranged from 22 to 30 years old. All had corrected-to-normal visual acuities in both the tested and untested eye. The refractive corrections for each observer's tested eye are shown in Table 2 . None had any astigmatic refractive error. Voluntary informed consent was obtained from each observer before data collection began.
RESULTS
Comparisons between filtered letters and optically blurred letters
We made two comparisons to verify that observers responded similarly to our digitally filtered letters and to letters with lensinduced blur. First, contrast detection thresholds were compared for normal filtered letters with ϩ1, ϩ2, and ϩ4 D of simulated blur and for letters blurred optically by the same amounts. Second, 
FIGURE 3.
Size thresholds (whole letter in min arc) for letter identification are plotted as a function of simulated blur in diopters for three different types of spatial filter. Each data point represents the average for five observers; error bars denote Ϯ1 SD. The inset shows the psychometric functions (probability correct vs. letter size) of observer TN for each type of filter with ϩ2 D of simulated defocus. The symbols and line styles in the inset correspond to the same filter conditions depicted in the main figure. size thresholds to identify ϩ1, ϩ2, and ϩ4 D normal filtered letters were compared to the size thresholds for identifying letters that were blurred optically.
Contrast detection thresholds, averaged for the two observers across both letters (4 replications per condition), are plotted in Fig.  2A . A three-way repeated measures analysis of variance (ANOVA) (for defocus type, magnitude of defocus, and letter) indicated that log contrast varied slightly but significantly with the magnitude of defocus (F 2,2 ϭ 22.99; p ϭ 0.042). A significant difference in contrast thresholds was also found between the letters E and O (letter E Ͻ letter O) (F 1,1 ϭ 1738.1; p Ͻ 0.015). However, there was no significant effect of the type of defocus (F 1,1 ϭ 0.006; p Ͼ 0.94), no significant interaction between the type and amount of defocus (F 2,2 ϭ 2.16; p Ͼ 0.30), and no significant interaction between the type of defocus and the letter (F 1,1 ϭ 1.00; p Ͼ 0.49). These results indicate that similar amounts of contrast are required to detect letters that have comparable amounts of digitally simulated and lens-induced dioptric blur.
The size thresholds for letter recognition, averaged across five observers, are slightly poorer for letters with simulated than with lens-induced blur, using the ϩ1, ϩ2, and ϩ4 D normal filters (Fig. 2B) . In spite of this small but significant difference between simulated and lens-induced blur (F 1,4 ϭ 14.53; p Ͻ 0.02), it should be noted that there are no interactions between the type and amount of blur (F 2,8 ϭ 3.66; p Ͼ 0.07). Therefore, the results obtained in our main experiments with simulated blur can be generalized to lens-induced blur simply by adding a small offset on the blur axis. The difference in recognition thresholds for simulated vs. lens-induced blur might result from approximations in our construction of the digital MTFs or from interactions between lens blur and the ocular aberrations of our observers.
17
Comparisons between digitally filtered letters
Size thresholds for letter identification are virtually identical for letters filtered with the normal and truncated MTFs, as seen in Fig.  3 . However, the size thresholds for the phase-rectified letters were lower than for the other two types of filtered letters. These results were consistent across all five observers.
To evaluate differences among these three types (normal, truncated, and phase-rectified) of digitally filtered letters, we performed a two-way, repeated-measures ANOVA on the log-transformed letter sizes at threshold. The effect of filter type was significant (F 2,8 ϭ 76.79; p Ͻ 0.001), as was the interaction between the filter type and the amount of defocus (F 4,16 ϭ 22.17; p Ͻ 0.001). Post hoc tests using Tukey's HSD found significant differences (p Ͻ 0.05) between the threshold letter sizes for the phase-rectified letters and the other filtered letters at ϩ2 and ϩ4 D defocus. There was no significant difference between the size thresholds for the normal and truncated filtered letters for any magnitude of defocus.
Size thresholds for letter identification were also virtually identical for letters filtered with the normal and truncated-plus-negative MTFs, as seen in Fig. 4 . A repeated-measures ANOVA performed on the log-transformed letter sizes at threshold found no significant difference between the recognition thresholds using these two MTFs (F 1,1 ϭ 7.25; p Ͼ 0.2).
DISCUSSION
A theoretical approximation that relates pupil diameter, amount of defocus, and the diameter of the blur circle on the retina was derived by Smith 5 and is described by equation A1 in Appendix 1. Subsequently, Smith et al. 12 determined that the minimum angle of resolution (MAR, in min arc) for Landolt rings varies approximately linearly with the size of the retinal blur circle (also expressed in min arc) with a slope of 0.26. Our acuity results for the normal filter condition exhibit approximately the same change in MAR with the size of the retinal blur circle that is calculated using equation A1. Specifically, the slope of the line fitted to our data is 0.24, compared to the slope of 0.26 obtained by Smith et al. 12 (see Fig.  5 ).
Theoretically, the relationship between letter MAR and the size of the retinal blur circle is expected to have a slope of 0.41 (shown by the solid line in Fig. 5 ; also see Appendix 2) when both are expressed in min arc. This theoretical relationship is based on two principal assumptions: (1) that letter acuity is limited by the resolution of spatial frequency components corresponding to 2.5 cycles/letter (e.g., that letter acuity of 20/20 and resolution of a 30 cpd grating are both equivalent to a MAR of 1 min arc) and (2) that the resolution limit is set by the first zero crossing of the MTF.
This sizable discrepancy between the slopes of the empirical (approximately 0.25) and theoretical (0.41) relationships could be accounted for (1) if letter acuity depends on the resolution of spatial frequency components less than 2.5 cycles/letter and/or (2) if letter acuity is impaired by aberrant information from spatial frequencies above the first zero crossing of the MTF. The results of our experiment show that visual acuity is unaffected by the presence or absence of spatial frequency components in the normal MTF above the first zero crossing. Consequently, we conclude that visual acuity for letters that are blurred up to at least 4 D depends only on the spatial frequency of the first zero crossing of the corresponding MTF. Size thresholds (whole letter in min arc) for letter identification are plotted as a function of simulated blur in diopters, using normal and truncatedplus-negative filters. The data points are the average for two observers; error bars denote Ϯ1 SD. The inset shows the psychometric functions (probability correct vs. letter size) of observer TN for ϩ2 D of simulated defocus. The symbols and line styles in the inset correspond to the same filter conditions shown in the main figure.
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In light of this conclusion, our acuity results suggest that the critical spatial frequency required to recognize optically blurred letters corresponds to approximately 1.5 cycles/letter (from equation A10, the critical spatial frequency ϭ 0.24 ϫ 5 ϫ 3.83/pi ϭ 1.46). This inference is consistent with the outcome of several previous studies. 18 -23 Thorn and Schwartz 7 concluded that the critical spatial frequency for letter identification is approximately 1.25 to 1.75 cycles/letter for relatively small amounts of blur, such as the range that was simulated in our study. With larger amounts of blur (e.g., Նϩ6 D), the critical spatial frequency approached 2.5 cycles/letter (also see Alexander et al. 21 ), which Thorn and Schwartz 7 attributed to greater visibility of these high letterfrequency components in very large letters, based on the shape of the human contrast sensitivity function.
Visual acuity is better for letters filtered using the phase-rectified version of the MTF than for letters subjected to the normal or truncated filters (see Fig. 3 ). Consequently, spatial frequencies above the first zero crossing of the (prerectified) MTF apparently can provide useful information for letter identification. However, this result is not surprising; if a smooth curve were fit to the phaserectified MTF, it would gradually approach zero modulation at a spatial frequency above the nominal resolution limit. Presumably, the recognition of phase-rectified letters depends on the modulation of spatial frequencies that are available in the filtered image, weighted by the observer's contrast sensitivity function. Our finding that the difference in acuity for phase-rectified vs. normal (or truncated) filtered letters increases with the amount of simulated blur (see Fig. 3 ) is in qualitative agreement with this presumption. With greater amounts of simulated blur, the spatial frequencies in the "rectified" MTF that are above the nominal resolution limit will be closer to the peak of a normal observer's contrast sensitivity function.
Recently, Anderson and Thibos 24 investigated whether alias spatial frequencies contribute to the degradation of peripheral letter acuity. The alias spatial frequencies are thought to be produced by the neural undersampling of high spatial frequency information that is available in the peripheral retinal image. When spatial frequencies above the sampling-based resolution limit were removed by digital spatial filtering, they found no improvement in peripheral visual acuity. Analogous to our conclusion for optically blurred targets in the fovea, they concluded that peripheral visual acuity depends only on the (neural) resolution limit and that the peripheral letter acuity threshold corresponds to a spatial frequency less than 2.5 cycles/letter.
In the introductory section of our paper, we noted that the location of the first zero crossing of the MTF depends on the wavelength composition of the stimulus and the extent of ocular aberrations, in addition to the amount of dioptric blur and pupil size. In our study, we attempted to minimize the influence of the wavelength composition of the stimuli by restricting illumination to mid-spectral (albeit, clearly not monochromatic) light. We attempted to minimize the contribution of ocular aberrations by using a relatively small artificial pupil. Although the pattern of acuity results is likely to become more complex in the presence of substantial chromatic and/or achromatic aberrations (e.g., Bradley et al. 6 ), we nevertheless expect that letter acuity will continue to depend on the first zero crossing of the MTF, with no significant deleterious influence from spatial frequencies in the region of spurious resolution.
APPENDICES
Appendix 1
Calculation of normal MTFs. The derivations shown in these appendices are based on the geometrical optical approximations presented by Charman and Jennings 4 and Smith. 5 The approximate relationship between blur circle diameter, pupil diameter, and defocus is given below:
where rad is blur circle diameter in radians, p is the pupil diameter in meters, and D is the defocus in diopters. The approximate MTF of a defocused system with a circular pupil is given below: The normal filters used in our study (e.g., see Fig. 1A ) were constructed using equation A4. Size thresholds for the identification of normal filtered letters are converted to minimum angles of resolution (in min arc) and plotted against the calculated size of the retinal blur circle for ϩ1, ϩ2, and ϩ4 D of simulated blur (in min arc). Error bars denote ϩ1 SD. The best fit line to the data points has a slope of 0.24 (not shown in the figure) , which overlaps the line for 1.5 cycles/letter. The two lines are predictions from equation A10 in Appendix 2, assuming that letter identification requires the resolution of a spatial frequency corresponding to either 1.5 (broken line) or 2.5 (solid line) cycles/letter.
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